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Abstract 

Phase separation regulates fundamental processes in gene expression and is mediated by the local concentration of proteins and nucleic acids, 
as well as nucleic acid secondary str uct ures such as G-quadruple x es (G4s). T hese str uct ures play fundamental roles in both host gene expression 
and in viral replication due to their peculiar localisation in regulatory sequences. Hepatitis B virus (HBV) co v alently closed circular DNA (cccDNA) 
is an episomal minichromosome whose persistence is at the basis of chronic infection. Identifying the mechanisms controlling its transcriptional 
activity is indispensable to de v elop ne w therapeutic strategies against chronic hepatitis B. T he aim of this study w as to determine whether G4s are 
formed in cccDNA and regulate viral replication. Combining biochemistry and functional studies, we demonstrate that cccDNA indeed contains 
ten G4s str uct ures. Furthermore, mutations disr upting two G4s located in the enhancer I HBV regulatory region altered cccDNA transcription 
and viral replication. Finally, w e sho w ed f or the first time that cccDNA undergoes phase separation in a G4-dependent manner to promote its 
transcription in infected hepatocytes. Altogether, our data give new insight in the transcriptional regulation of the HBV minichromosome that 
might pa v e the w a y f or the identification of no v el t argets to dest abilize or silence cccDNA. 
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Introduction 

G-quadruplexes (G4s) are secondary nucleic acid structures
forming in G-rich sequences, where guanines are linked to-
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uman genome predicted the following consensus: G ≥3 – N x 

G ≥3 – N x - G ≥3 – N x – G ≥3 in which N can be every nu-
leotides forming a loop between every G planar structures
 2 ,3 ). Depending on the orientation of the planar structure,
4s can adopt either parallel, anti-parallel or hybrid topolo-

ies in DNA, but a potential correlation between these topolo-
ies with the G4s function has not yet been described. In con-
rast, RNA G4s can only adopt a parallel topology and are
ore stable than DNA G4s. Due to the action of G4 binding
roteins, these structures undergo repetitive cycles of stabi-
ization and resolution rendering them highly dynamic ( 1 ). 

The generation of antibodies recognizing G4s structures has
llowed identifying > 700 000 G4s in the human genome ( 4 ),
nriched in regulatory sequences such as promoters or en-
ancers. In particular, G4s are frequently found in promoters
f highly transcriptionally active genes indicating a peculiar
ole of G4s in gene expression, especially at the transcrip-
ional stage, as demonstrated for the MYC promoter ( 5 ,6 ).
art of the contribution of G4 structures to gene expression
an be explained by their capacity to promote liquid-liquid
hase separation (LLPS) ( 7–10 ). This process results from the
ocal concentration of proteins and nucleic acids dedicated to
 specific biological process, thus creating membrane-less or-
anelles in the cell nucleus ( 11 ). LLPS plays key roles in almost
ll the steps of gene expression, including transcription, during
hich it favours the transition between initiation and elonga-

ion ( 12 ). Interestingly, different studies pointed the ability of
everal viral proteins to undergo LLPS to create an interaction
otspot with the host components to facilitate viral replication
 13 ,14 ). 

Hepatitis B virus (HBV) establishes a chronic infection
aintained thanks to the establishment and persistence of

he so called covalently closed circular (ccc)DNA in the nu-
leus of infected hepatocytes. The mandatory nuclear phase in
he viral lifecycle allows cccDNA to acquire a chromatinized
tructure by hijacking the host cell machinery, which allows
ts transcription by the cellular RNA polymerase II (RNAP
I) ( 15 ). cccDNA is the unique template for the transcription
f the six main viral mRNAs ( 16–18 ), including the prege-
omic RNA (pgRNA) that is retro-transcribed in the cyto-
lasm by the viral polymerase while being encapsidated, gen-
rating new infectious particles. cccDNA contains four RNAP
I-dependent promoters (pC, pPS, pS and pX), whose activ-
ty is regulated by two enhancers (EnhI and EnhII) and by
ost and viral factors ( 19 ,20 ). Recently, chromatin conforma-
ion capture experiments demonstrated that cccDNA local-
zes in the nucleus in proximity to host cell genomic regions
nriched in CpG islands, thus potentially undergoing active
ranscription ( 21 ). 

So far, two G4 structures in key regulatory sequences have
een identified in the HBV genome. Indeed, elegant biophysi-
al studies characterized a G4 structure in the EnhII / BCP re-
ion ( 22 ) and another G4 was identified in the pS promoter
f solely genotype B viral sequences ( 23 ). However, no clear
unctional link was established between these G4s and HBV
eplication in models of viral infection. 

Here, combining in silico and biophysical analyses of G4
tructures and functional studies of HBV replication, we
emonstrated that HBV genome contains ten G4s distributed
hroughout the genome and that the two of them located in
he EnhI region favour cccDNA transcription and viral repli-
ation, most likely by promoting cccDNA liquid-liquid phase
eparation in infected hepatocytes. 
Materials and methods 

Plasmids 

Wild-type (pMC-HBV-2847) parental minicircle plasmid and
parental minicircle plasmids harbouring mutations in the
PQS4 and / or PQS5 sequence were purchased at GenScript.
pcDNA6-EGFP-optFUS was described previously in ( 24 ). 

To generate the pcDNA6-EGFP-optFUS- �RGG3 plasmid,
the coding sequence of FUS �RGG3 was isolated by digest-
ing the pcDNA6F-optFUS- �RGG3 plasmid with Xho1 and
Not1 and ligated in the Xho1-Not1 plasmid fragment of the
pcDNA6-EGFP-optFUS plasmid. 

To generate pcDNA6-UT-optFUS-WT and pcDNA6-UT-
optFUS- �RGG3, a DNA string containing Xba1-Kozak-
FUS cDNA (amino acids 1–71)-Bsu361 including 25 bp
of the flanking regions was ordered (GeneArt, Invitrogen)
and cloned into the Xba1 and Bsu361 sites of pcDNA6F-
optFUS-WT ( 25 ) and pcDNA6F-optFUS- �RGG3 using NEB-
uilder HiFi DNA assembly master mix (NEB), thereby re-
moving the FLAG-tag. The pcDNA6F-optFUS- �RGG3 plas-
mid was created by PCR amplifying the sequence encoding
optFUS-deltaRGG3 from pLV-X-EF1a-TS-optFUS- �RGG3-
IRES-Puro using Xho1-optFUS-fwd and optFUS-BamH1-rev
and cloning it into the Xho1 and BamH1 sites of the
pcDNA6F vector using T4 DNA ligase (NEB). The pLV-
X-EF1a-TS-optFUS- �RGG3-IRES-Puro in turn was cloned
by fusion PCR from pLV-X-EF1a-TS-optFUS-IRES-Puro ( 26 )
using the primers EF1a-fwd, FUSdRGG3-rev, FUSdRGG3-
fwd and SYBR-ERV-rev and cloned into the Xba1 and
BamH1 sites of pLV-X-EF1a-IRES-Puro (Clontech) using
T4 DNA ligase (NEB). To generate pcDNA6-UT-optFUS-
PLD27YS-SV40NLS, the sequence encoding FUS amino acids
1–71 was PCR amplified from pcDNA6F-optFUS-PLD27YS-
SV40NLS ( 24 ) using the primers Xba1-Kozak-FUS-fwd and
FUS-Bsu361-rev, and then reinserted into the Xba1 and
Bsu361 sites of pcDNA6F-optFUS-PLD27YS-SV40NLS using
T4 DNA ligase (NEB). 

Generation of cccDNA-like molecules 

Generation of cccDNA-like molecules was performed as pre-
viously described ( 15 ). ZYCY10P3S2T (System Bioscience)
were transformed with the parental plasmids by a heat shock
of 30 s at 42 

◦C, plated on LB agar plates containing 50 μg / ml
Kanamycin (Euromedex) and incubated overnight at 37 

◦C. A
colony was picked up and amplified as starter culture in ter-
rific broth (TB) medium containing 50 μg / ml kanamycin dur-
ing 8 h at 42 

◦C. Bacteria were further amplified in a larger
volume of TB medium without kanamycin overnight at 42 

◦C.
Two volumes of LB medium containing 40 mM NaOH and
0.1% L-Arabinose (Merck) were then added and the culture
was incubated 4 h at 32 

◦C. cccDNA-like molecules were then
extracted with the Nucleobond Xtra Midi kit (Macherey-
Nagel) according to the manufacturer’s instructions. 

Cell culture, infection and transfection 

HepG2-NTCP cells were cultured in DMEM medium (Gibco)
supplemented with 1% l -Glutamax (Gibco), 1% Sodium
pyruvate (Gibco) and 5% fetal calf serum (HiClone) (growth
medium). Twenty-three million cells were plated in 150 mm
dishes and transfected with 3.3 μg cccDNA-like molecules
with the TransIT-2020 (Mirus) according to manufacturer’s
instructions. The day after, cells were washed three times with
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for 18s. 
1 × PBS (Gibco) and cultured for two extra days in growth
medium. Cells and supernatants were then isolated for future
experiments. 

HBV infection of HepG2-NTCP cells was performed as de-
scribed previously ( 15 ). Briefly, cells were seeded and 2.5%
DMSO was added the day after. Two days after, 250 vge / cells
were added to cells in presence of 4% PEG and infection
medium (growth medium supplemented with 2.5% DMSO).
One and four days after, cells were washed three times with
1 × PBS and cultured in infection medium. Silencing of FUS
was achieved by transfecting twice HBV-infected HepG2-
NTCP cells four and seven days post-infection with 25 nM
siRNAs against FUS mRNA (Horizon, L-009497-00-0005)
or with control siRNA against luciferase mRNA (Horizon,
D-002050-01-20) using lipofectamine RNAi Max (Thermo
Fischer) according to manufacturer’s instructions. Cells were
washed the day after transfection and harvested eleven days
post-infection. 

Overexpression of FUS wt or FUS �RGG3 or FUS
PLD27YS proteins was achieved by transfecting HepG2-
NTCP cells cultured in 100 mm dish with 10 μg pcDNA6-
FUSwt, pcDNA6-FUS �RGG3 or pcDNA6-FUS PLD27YS
or pcDNA6-GFP plasmids and with 2.5 μg cccDNA-like
molecules using the TransIT-2020 (Mirus) reagent according
to manufacturer’s instruction. Cells were washed the day af-
ter transfection and cultured for two extra days in growth
medium. 

Overexpression of EGFP-FUS wt or EGFP-FUS �RGG3
proteins to isolate FUS droplets were carried out by transfect-
ing twice HBV-infected HepG2-NTCP cells with pcDNA6-
EGFP-FUSwt or pcDNA6-FUS �RGG3 plasmids four and six
days post-infection using TransIT-2020 (Mirus) as per manu-
facturer’s instructions. Cells were washed the day after each
transfection and processed 8 days post-infection. 

BRACO-19 treatment was achieved by adding 20 μM
BRACO-19 (Sigma-Aldrich) or 0.05% DMSO solvent control
twice 4 and 6 days post-infection. 

RNA extraction, cDNA synthesis and qPCR 

Cells were lysed in RNAzol (MRC) and RNA was extracted
according to manufacturer’s instructions. 1 μg RNA was
treated with RQ1 DNase (Promega) for 30 min at 37 

◦C. Di-
gestion reaction was then stopped by adding 1 × Stop Solution
(Promega) and an incubation of 10 min at 65 

◦C. RNAs were
then reverse transcribed with the SSIII 1 

ST strand QPCR su-
permix kit according to manufacturer’s instructions. 3.5 kb
RNAs and GUSB (used as normalizing gene) were quantified
with 1X Taqman advanced master mix (Life Technologies)
and specific primer and hydrolysis probes ( Supplementary 
Table S1 ) using the QuantStudio 7 Flex (Applied Biosystem)
and the following program: 20 s at 95 

◦C and 40 cycles of 1 s at
95 

◦C and 20 s at 60 

◦C. 3.5 kb RNA levels were normalized
to GUSB according to the ��Ct method. 

cccDNA quantification 

cccDNA quantification was performed as previously de-
scribed ( 27–29 ). Cells or FUS droplets were lysed in 1 × TCL
lysis buffer (Lucigen) and incubated with 5 μg RNAse A (Lu-
cigen) for 30 min at 37 

◦C. After 5 min in ice, 1 volume of MPC
buffer (Lucigen) was added to the lysate that was vortexed for
10 s and incubated 5 min in ice. Lysates were cleared by two
centrifugation of 10 min at 18 000 g at 4 

◦C. 1 volume of iso-
propanol was then added to the lysate that was homogenized 

by vortexing and centrifuged 10 min at 18 000 g at 4 

◦C. DNA 

pellet was then cleaned by adding 70% EtOH, spun down, air- 
dried and resuspended in H2O. 500 ng extracted DNA were 
then digested with 20 U ExoI and 50 U ExoIII for 3 h at 37 

◦C
followed by 20 min at 80 

◦C. cccDNA and a region in the beta 
globin region were then quantified with 1 × Taqman advanced 

master mix (Life technologies) and specific primer and probes 
( Supplementary Table S1 ) using the QuantStudio 7 Flex (Ap- 
plied Biosystem) and the following program: 10 min at 95 

◦C 

followed by 40 cycles of 1 s at 95 

◦C and 1 min at 65 

◦C. A
standard curve for both DNA was analysed in parallel to the 
sample to have an absolute quantification of both DNA levels.

Quantification of secreted encapsidated DNA 

Supernatant was incubated while rotating overnight at 4 

◦C 

with 4% polyethylene glycol and centrifuged 1 h at 3000 g 
at 4 

◦C. The pellet was resuspended in lysis buffer (50 mM 

Tris–HCl pH7.5; 1 mM EDTA; 0.5% NP-40; 100 mM NaCl) 
and incubated 1 h at 4 

◦C while rotating. 20 mM MgCl 2 , 5 μg 
Rnase A (Lucigen) and 5 μg DNAse (Lucigen) were added to 

the mixture that was incubated 2 h at 37 

◦C. 17.5 mM EDTA 

was then added followed by an incubation of 30 min at 4 

◦C 

and a centrifugation at 3000 g at 4 

◦C for 10 min. Pellet was 
resuspended in resuspension buffer (10 mM Tris–HCl pH7.5; 
1 mM EDTA; 100 mM NaCl; 1% SDS) supplemented with 

50 μg proteinase K (Eurobio). The mixture was incubated 

overnight at 37 

◦C with shaking. 5 μg RNAse A (Lucigen) were 
added followed by an incubation for 30 min at 37 

◦C and 5 

min in ice. 0.2 volume of MPC buffer (Lucigen) were then 

added followed by two stages of centrifugation for 10 min at 
18 000 g at 4 

◦C and the addition of 1 volume of isopropanol.
The mixture was then homogenized, centrifuged for 10 min 

at 18 000 g at 4 

◦C. The pellet was finally washed with 70% 

EtOH, centrifuged again for 10 min at 18 000 g at 4 

◦C, air- 
dried and resuspended in H 2 O. HBV DNAs were then quan- 
tified with 1 × Taqman advanced master mix (Life Technolo- 
gies) and specific primer and probes ( Supplementary Table S1 ) 
using the QuantStudio 7 Flex (Applied Biosystem) and the fol- 
lowing program: 20 s at 95 

◦C and 40 cycles of 1 s at 95 

◦C and
20 s at 60 

◦C. 

Quantification of cytoplasmic encapsidated DNA 

Cells were resuspended in lysis buffer (5 mM PIPES; 85 mM 

KCl; 0.5% NP-40), incubated for 30 min in ice and dounced 

10 times with a tight plunger. After a centrifugation of 5 min at 
800 g at 4 

◦C, the supernatant was collected and processed as 
for the isolation of secreted encapsidated DNA except for the 
addition of 4% polyethylene glycol after the incubation with 

RNAse A and Dnase A. HBV DNAs were then quantified as 
previously. 

Analysis of HBV RNA stability 

6.4 .10 

5 HepG2-NTCP cells were seeded and transfected with 

1 μg cccDNA-like molecules using TransIT-2020 (Mirus) ac- 
cording to manufacturer’s instructions. 8 h prior to cell lysis,
100 nM Actinomycin D or 0.25% DMSO was added to the 
medium. RNA was then extracted and reverse-transcribed and 

18s rRNA, total HBV RNAs and 3.5 kb RNAs were quanti- 
fied by qPCR as described above. Signals for total HBV RNAs 
and 3.5 kb RNAs were normalized to the signal obtained 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
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ell viability assessment 

ell viability assessment was performed by neutral red uptake
ssay according to the protocol described in ( 30 ). 

solation of polysomal RNAs 

epG2-NTCP cells were transfected with cccDNA-like
olecules as described above. Cells were washed the day after

nd lysed three days post-transfection. Polysome-associated
NAs were analysed as previously described ( 31 ). Briefly, cells
ere incubated for 10 min in medium supplemented with 100
g / ml cycloheximide, washed in cold 1 × PBS in the presence
f 100 μg / ml cycloheximide and harvested in cold PBS. After
entrifugation, cells were lysed in PEB buffer (20 mM Tris–
Cl pH7.5, 100 mM KCl, 5 mM MgCl 2 , 0.5% NP-40) sup-

lemented with 1– PIC, 40 U RNAse inhibitor and 100 μg / ml
ycloheximide for ten min in ice. After a centrifugation of 10
in at 12 000 g at 4 

◦C, the supernatant was loaded on 10–
0% sucrose gradient and ultracentrifuged for 120 min in a
W41Ti swinging bucket rotor at 190 000 g at 4 

◦C with max-
mum acceleration and brake. RNA was extracted using acid
henol from each fraction and RNA integrity was monitored
y gel electrophoresis on a 1.2% agarose gel. Polysomal frac-
ions were identified as fractions with 28s / 18s rRNA ratio of
.6. Equal volumes were analysed by RT-qPCR to detect HBV
NAs and GUSB mRNA distribution across the fractions. 

hromatin immunoprecipitation (ChIP) 

hIP experiments were performed by using the Auto iDeal
hIP-seq kit for Histones (Diagenode) according to the man-
facturer’s instructions. The antibodies used for these experi-
ents are listed in Supplementary Table S2 . 

solation of nuclear FUS droplets 

epG2-NTCP cells were plated in a 10 cm dish and first trans-
ected with 12 μg of minicircle and the day after with 12 μg
f pcDNA6 / FUS-GFP. Two days after, cells were lysed with
ysis buffer (5 mM PIPES; 85 mM KCl; 0.5% NP-40), incu-
ated for 30 min in ice and dounced 10 times with a tight
lunger. After a centrifugation of 5 min at 800 g at 4 

◦C, the
uclear pellet was resuspended in RIPA buffer (10 mM Tris–
Cl pH7.5; 140 mM NaCl; 1 mM EDTA; 0.5 mM EGTA;

% Triton-X100; 0.1% SDS; 0.1% Na deoxycholate) sup-
lemented with 1 × protease inhibitor cocktail (Roche Diag-
ostics). The lysate was then processed as described in ( 24 ).
00 000 GFP+ droplets were isolated by a FACS Aria III
BD Bioscience). 

estern blot analysis 

0 

5 droplets were centrifuged 10 min at 1000 g at 4 

◦C and
esupended in 1 X SDS-loading buffer supplemented with
 mM DTT, incubated 5 min at 95 

◦C and run on a Mini-
ROTEAN TGX Stain Free Gel 4–20% (Biorad) at 200 V
n 1 × Tris-glycine–SDS buffer. Proteins were then transferred
o a nitrocellulose membrane 7 min at 25 V using the Trans-
lot Turbo Transfer Pack (Biorad) and the Trans-Blot Turbo
ransfer System (Biorad). The membrane was then blocked
 h with 5% Milk / 1 × TBS / 0.1% Tween-20 and incubated
vernight at 4 

◦C with the primary antibodies ( Supplementary 
able S2 ). After three washes of 10 min at room tempera-
ure in 1 × TBS / 0.1% Tween-20, the membrane was incubated
ith the HRP-conjugated secondary antibody solution for 1
h at room temperature, washed 3 times with 1 × TBS / 0.1%
Tween-20 and incubated 2 min with the Clarity Max solution
(Biorad). The chemiluminescence was read using a Chemidoc
XRS + system (Biorad). 

Circular dichroism analysis 

20 μM PAGE-purified DNA or RNA oligonucleotides
( Supplementary Table S1 ) were incubated 10 min at 95 

◦C
in 100 mM KCl and 10 mM sodium cacodylate and pro-
gressively cooled down until reaching room temperature.
Oligonucleotides were then transferred to a 2 mm tank and
the absorbance was read every 0.5 nm at wavelengths rang-
ing from 200 nm to 350 nm at 20 

◦C. Equimolar concentra-
tions of BRACO-19 (Merck), TMPyP4 (Merck) or FUS recom-
binant protein (BioTechne) were used to address their influ-
ence. To calculate oligonucleotides melting temperature, ab-
sorbance spectrum was acquired from 20 to 90 

◦C every 0.5 

◦C
at the wavelength for which the absorbance was maximum
for each oligonucleotide. The Tm was determined by using
the tangent method. 

Southern blot analysis 

DNA was extracted as for cccDNA quantification with the
exception of an incubation for 1 h at 56 

◦C with 50 μg pro-
teinase K (Eurobio). 80 μg DNA and 50 μg DIG-conjugated
DNA ladder were loaded on a 1.2% agarose gel and run
overnight at 60 V in 0.5 × TAE buffer. The gel was then incu-
bated 10 min at room temperature in depurination buffer (0.2
N HCl) and 30 min at room temperature in transfer buffer
(1 M NaCl; 0.4 M NaOH). DNA was then transferred to
a wet positively charged nylon membrane (GE Healthcare)
overnight in transfer buffer. The membrane was then fixated
2 h at 80 

◦C and incubated 2 h at 42 

◦C in Easyhyb buffer
(Roche Diagnostics). Meanwhile, HBV-specific probes were
prepared with HBV specific primers ( Supplementary Table S1 )
and the PCR DIG probe synthesis kit (Roche Diagnostics) us-
ing the following program: 2 min at 95 

◦C; 40 cycles of 30
s at 95 

◦C, 30 s at 48 

◦C and 1 min at 72 

◦C; 10 min at 72 

◦C.
The membrane was then incubated with the DIG-conjugated
HBV probes overnight at 42 

◦C, washed once 5 min in Buffer
A (2 × SSPE; 0.5% SDS) at 42 

◦C, once in Buffer B (2 × SSPE;
0.1% SDS) until the temperature reached 65 

◦C and once 30
min in Buffer C (1 × SSPE; 0.1% SDS). The membrane was
then briefly washed with Washing buffer (Roche diagnostics),
blocked 2 h in blocking buffer (Roche Diagnostics) and incu-
bated 30 min with anti-DIG antibody diluted 10 000 times
in blocking buffer (Roche diagnostics) at room temperature.
After five washes with Washing buffer, the membrane was in-
cubated 5 min with the Detection buffer and 30 min with the
CDP-Star (Roche Diagnostics). The chemiluminescence was
read on a Chemidoc MP imaging system (Biorad). 

5 

′ RACE-PCR analysis 

5 

′ RACE-PCR experiments were performed as previously de-
scribed ( 17 ). 

Statistical analysis 

Data are represented as box plots showing the minimal and
the maximal values, the first and the third quartile and the
median. Non parametric Mann–Whitney test were performed
using GraphPad Prism 9 to evaluate the statistical difference.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
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P -value < 0.05 was considered as a significant difference be-
tween tested conditions. 

Results 

cccDNA contains twelve highly conserved potential 
G4 sequences (PQS) 

To identify G4 sequences in the cccDNA episome, we anal-
ysed the sequence of HBV genotype D using the G4 hunter
prediction tool using the default parameters ( 32 ). This anal-
ysis predicted 12 potential G4 sequences (PQS) (Figure 1 A)
distributed throughout the cccDNA sequence and located on
both DNA strands (Figure 1 B). As expected, the tool pre-
dicted the previously identified G4 sequence in the EnhII re-
gion, which corresponds to PQS7 in this study ( 22 ). It also
predicted a G4 sequence in the ε motif, the PQS8 in this study,
that was already identified in HBV RNAs ( 33 ,34 ). In contrast,
G4 hunter did not predict the G4 sequence identified in the pS
promoter of the genotype B. This was expected, as this G4 se-
quence is not conserved and not forming a G4 in genotype D
( 23 ), confirming the specificity of our analysis. 

Next, we determined whether these 12 PQS were conserved
across the different HBV genotypes. We collected the full-
length genome sequences of genotype A to F using the HBVdb
database release 53.0 of February 2021 ( 35 ) and computed a
multiple sequence alignment (MSA) by means of Clustal W
1.8 for each sequence set ( 36 ). Aligned sequences correspond-
ing to the 12 PQS were extracted from the MSAs and were
used as input to compute sequence log by means of Weblogo
3 ( 37 ,38 ). As expected from the previous study, the PQS7 is
highly conserved throughout all the genotypes analysed here
( Supplementary Figure S1 ) ( 22 ). Strikingly, the stretches of G
forming the planar structure of the other PQS are also highly
conserved in almost all the genotypes suggesting a selective
pressure for their maintenance in the cccDNA sequence, rais-
ing the question of their role in HBV replication (Figure 1 C,
Supplementary Figure S1 ). 

Ten out of the twelve DNA PQS form G4 structures 

in vitro 

To confirm that these PQS actually have the capacity of form-
ing G4 structures, we performed circular dichroism (CD) anal-
ysis, which is considered the gold standard procedure to iden-
tify such structures in vitro ( 39 ). We designed oligonucleotides
containing the predicted PQS and oligonucleotides carrying
mutations of the guanines potentially forming the G-quartet
planar structure. We then acquired the absorbance spectra
from 200 to 350 nm and compared them to the absorbance
spectra of an oligonucleotide that does not contain any PQS.
As observed in Figure 2 A, all the wild-type PQS oligonu-
cleotides except the PQS9 and the PQS11 displayed an ab-
sorbance spectrum distinct from the negative control. Inter-
estingly, the absorbance spectra of the PQS1, PQS4, PQS5
and PQS8 were typical from parallel G4, while the ones from
PQS2, PQS7, PQS10 and PQS12 from anti-parallel G4 and the
ones from PQS3 and PQS6 could be assimilated to hybrid G4s
( 39 ). Strikingly, the absorbance spectra of the mutant oligonu-
cleotides were different from the wild-type ones and very close
to the absorbance spectrum of the negative control (Figure
2 A). These results thus suggest that ten out of the twelve pre-
dicted DNA PQS actually form G4 structures in vitro . 
To further confirm these data, we added equimolar concen- 
trations of BRACO-19, a G4 stabilizer ligand ( 40 ,41 ) to the 
wild-type PQS3, PQS4, PQS5 and PQS8 oligonucleotides and 

analysed their absorbance spectra and the associated melting 
temperature ( T m 

) curve. While the addition of BRACO-19 

only slightly modified the absorbance spectra (Figure 2 B), it 
substantially increased their Tm except for the PQS3 (Figure 
2 C). These data confirm the capacity of the analysed PQS to 

form G4 structures that can be stabilized by the BRACO-19 

G4 ligand in vitro . 
Finally, G4s can also be formed in RNA and, as mentioned 

above, the PQS8 was already identified in HBV RNAs ( 33 ,34).
This prompted us to test whether the PQS predicted in the 
HBV transcribed strand (PQS3, 5, 7 and 8) also form RNA 

G4s in vitro . We performed again CD experiments comparing 
the absorbance spectra of the RNA oligonucleotides contain- 
ing the wild-type or the mutant PQS sequence to the PQS neg- 
ative oligonucleotide. As expected, the absorbance spectra of 
the PQS8 oligonucleotide were distinct from the negative con- 
trol, differently from the mutant PQS8 oligonucleotide (Figure 
2 D). The same observation could be made for the PQS3, PQS5 

and the PQS7 confirming that also HBV RNAs contain G4 

structures. 

PQS4 and PQS5 regulate HBV replication 

HBV EnhI regulatory region has been demonstrated to be es- 
sential for full viral promoter activity and replication ( 42–
45 ). Given the large contribution of G4s to several steps of 
gene expression ( 1 ), we aimed to decipher the potential func- 
tional role in cccDNA transcriptional activity and HBV repli- 
cation of the two PQS located in the EnhI region, PQS4 and 

PQS5 (Figure 1 B). To this purpose, we generated cccDNA- 
like molecules carrying mutations that disrupt the G4 struc- 
ture as shown in Figure 2 A ( Supplementary Figure S2 a) ( 46 ).
While the mutations disrupting the PQS4 did not impact the 
amino acid sequence of any HBV ORF, those disrupting the 
PQS5 introduced a change of three glycine into isoleucine 
residues in the RNAseH domain of the viral polymerase, with- 
out affecting the global charge of the domain ( Supplementary 
Figure S2 b). We then transfected HepG2-NTCP cells with the 
wild-type (wt) and the mutant cccDNA-like molecule and col- 
lected the cells after three days to monitor viral replication 

(Figure 3 A). 
cccDNA quantification by cccDNA-selective qPCR and 

Southern blot analysis showed comparable levels in wt and 

mutant samples, thus indicating that cells were transfected 

with the same efficiency across all conditions ( Supplementary 
Figures S2 c, d, S6 a). 

Quantification of HBeAg and HBsAg secretion by ELISA 

showed that cells transfected with the PQS4 or the PQS5 

mutants secreted significantly less antigens levels compared 

to HepG2-NTCP cells transfected with the wt cccDNA-like 
molecule (Figure 3 B). To determine whether the decrease of 
secreted antigens was accompanied by a decrease in viral 
replication, we quantified the HBV DNA contained in newly 
formed viral nucleocapsids in the cytoplasm and in the cell su- 
pernatant. Nucleocapsids were isolated according to Keasler 
et al. protocol and HBV DNA quantified by qPCR ( 47 ). As 
observed for the secreted antigens, a significantly lower quan- 
tity of encapsidated viral DNA was detected from cells trans- 
fected with the PQS4 or PQS5 mutant cccDNA-like molecules 
compared to control cells, both in the cytoplasm and in the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
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Figure 1. cccDNA sequence contains highly conserved potential G-quadruplexes sequences (PQS). ( A ) Table showing the list of PQS predicted by G4 
hunter ( 32 ) from the cccDNA sequence of genotype D (GenBank: U95551.1). The table indicates their coordinates on cccDNA (+1 corresponding to the 
EcoRI site), their size, their strand, their G4 hunter score and their sequence. Guanines involved the G quartet formation or their complementary 
cytosine are indicated in red. ( B ) Map of the cccDNA showing the different HBV ORFs and the position of the predicted PQS in (A) . ( C ) Sequence logos 
of PQS4 and PQS5 predicted in (A) of HBV genotype A to F ( 35 ). 
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upernatant (Figure 3 C). Noteworthy, the levels of encapsi-
ated HBV DNA were similar following mutation of PQS4
nd PQS5, suggesting that, despite the amino acid substitu-
ions introduced by mutPQS5, the viral polymerase protein
as still functional. 
Altogether, these data demonstrate that intact PQS4 and

QS5 structures, located in the EnhI region, are important for
BV replication and antigen expression. 

QS4 and PQS5 contribute to cccDNA transcription 

o determine whether the contribution of the PQS4 and PQS5
4 structures to HBV replication was due to the regula-

ion of the EnhI activity and thus to cccDNA transcription,
e quantified the 3.5 kb RNAs (PreCore and pgRNA) and

otal HBV RNAs by RT-qPCR in cells transfected with wt
nd PQS4 and PQS5 mutated cccDNA-like molecules. As
hown in Figure 3 D, the mutation of either PQS4 or PQS5
significantly decreased the levels of the 3.5 kb RNAs and
total HBV RNAs demonstrating that both G4s are impor-
tant for their expression. These experiments were combined
with 5 

′ RACE-PCR analysis, which allows to discriminate
HBV RNAs species due to their unique 5 

′ end extremity ( 17 ).
As observed for the 3.5 kb RNAs, the mutation of either
PQS4 or PQS5 produced lower levels of PreS1 / PreS2 / S and
X transcripts ( Supplementary Figures S2 e, S6 b). Furthermore,
simultaneous mutation of both PQS4 and PQS5 induced a
significantly more pronounced decrease in both total HBV
RNAs and 3.5 kb RNAs levels compared to single mutations
( Supplementary Figure S2 f). Altogether, these data demon-
strate that both G4s are important for the expression of HBV
RNAs. 

Finally, to determine whether this effect was due to a de-
creased transcriptional rate, we performed chromatin im-
munoprecipitation (ChIP) experiments to test the recruit-
ment of the host RNAP II to cccDNA-like molecules. By

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
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Figure 2. G4 str uct ures are formed in cccDNA and in HBV RNAs in vitro. ( A ) Circular dichroism (CD) experiments from 20 nM oligonucleotides 
corresponding to the wild-type DNA PQS predicted sequence (blue line), from oligonucleotides mutated for the G (red line) or from an oligonucleotide 
known to do not form G4 (negative control, black line). ( B ) CD experiments from 20 nM PQS3, PQS4, PQS5 and PQS8 oligonucleotides in presence 
(orange line) or in absence (blue line) of 20 nM BRACO-19 G4 ligand. ( C ) T m 

measurement of the same PQS as in (B) in presence (orange line) or in 
absence (blue line) of 20 nM BRACO-19 G4 ligand. ( D ) CD experiments from 10 nM oligonucleotides corresponding to the wild-type RNA PQS predicted 
sequence (blue line), from oligonucleotides mutated for the G (red line) or from an oligonucleotide known to do not form G4 (negative control, black line). 
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Figure 3. PQS4 and PQS5 G4s are important for cccDNA transcription and HBV replication. HepG2-NTCP cells were transfected with the wild-type (red 
line), the PQS4 mutant (blue) or the PQS5 mutant (orange) cccDNA-like molecules. Three days after, the supernatant and cells were collected for further 
analysis. All the parameters below have been normalized to the levels of cccDNA quantified by qPCR ( Supplementary Figure S1 a) and expressed as the 
ratio between the mutant and the wild-type cccDNA-like molecules conditions. ( A ) HBV life cycle. Quantified parameters are indicated in bold. The panel 
showing the quantified parameters is indicated in brackets. ( B ) Quantification of secreted HBeAg (left part) and HBsAg (right part) by ELISA. ( C ) Isolation 
of secreted (left part) and cytoplasmic (right part) capsids and quantification of HBV DNA. ( D ) Quantification of 3.5 kb RNAs and total HBV RNAs le v els b y 
RT-qPCR. ( E–G ) Chromatin immunoprecipitation (ChIP) experiments with an anti-RNAP II (red, E), an anti-H3K27Ac (blue, F), an anti-H3K27me3 (purple, 
G), or a control (black, E, F, G) IgG f ollo w ed b y qPCR to quantify cccDNA. Signals obtained f or H3K27A c and H3K27me3 w ere normaliz ed to the signals 
obtained after anti-H3 ChIP. The data are expressed as the ratios between the percentage of Input precipitated with the control IgG or with the 
anti-RNAP II or anti-H3K27Ac / me3 in cells transfected with the mutant cccDNA-like molecules and the percentage of Input precipitated with the 
anti-RNAP II antibody or anti-H3K27Ac / me3 in cells transfected with the wild-type cccDNA-like molecule. Box plots represent the 1st quartile, the 
median (horizontal line) and the third quartile of the data obtained from four independent biological replicates. Error bars represent the minimal and the 
maximal values. * P < 0.05 for the comparison between wt and mutant obtained from a Mann–Whitney test. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
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comparison with WT cccDNA, RNAP II recruitment was sig-
nificantly lower when the transfected cccDNA-like molecule
was mutated for either PQS4 or PQS5 (Figure 3 E) or both of
them ( Supplementary Figure S2 g), indicating that both G4s
are important for RNAP II recruitment to cccDNA and cor-
relating with the decrease in HBV RNAs (Figure 3 D and
Supplementary Figure S2 f). cccDNA-associated histone post-
translational modifications (PTMs) were shown to correlate
with its transcriptional activity. In particular, H3K27Ac de-
position was associated with active cccDNA transcription,
whereas H3K27me3 with decreased or lack of cccDNA tran-
scription ( 48 ,49 ). Additional ChIP experiments were thus car-
ried out to investigate the presence of these histone PTMs
on cccDNA upon mutations of PQS4 and PQS5. PQS4 and
PQS5 mutations were accompanied by a significant decrease
of H3K27Ac (Figure 3 F) and increase in H3K27me3 (Figure
3 G) histone PTMs deposition on the mutated cccDNA-like
molecule compared to wt. These observations strongly suggest
that PQS4 and PQS5 contribute to rewire cccDNA chromatin
towards a transcriptionally active conformation state. 

Altogether, these data show that intact PQS4 and PQS5
are required for cccDNA transcription, a key step for viral
replication. 

PQS4 and PQS5 mutations do not affect HBV RNA 

stability and translation 

As shown in Figure 2 , PQS5 structure can also be formed on
HBV RNAs. RNA G4s are important cis- regulators of RNA
metabolism and were shown to regulate RNA stability or
translation ( 33 ,50 ). This prompted us to determine whether,
in addition to its role in cccDNA transcription (Figure 3 ),
the PQS5 structure would also be involved in HBV RNA
metabolism. Contrary to PQS5, PQS4 is only formed on cc-
cDNA, but we nonetheless included it in the analysis to inves-
tigate any influence of the mutation per se . 

Firstly, to evaluate the influence of PQS4 and PQS5 muta-
tions on HBV RNA stability, HepG2-NTCP cells were trans-
fected with wt and mutant cccDNA-like molecules. 8 h prior
to RNA extraction, cells were treated with 100 nM Acti-
nomycin D, a general transcriptional inhibitor, or with its
DMSO control. Cell viability was not significantly impaired
( Supplementary Figure S3 a) and remaining levels of HBV
RNAs and 3.5 kb RNAs were not affected by the muta-
tion of either PQS4 or PQS5 compared to the wt condition
( Supplementary Figure S3 b). 

Then, we investigated the effect of PQS4 and PQS5 muta-
tions on HBV RNA translation by a polysome fractionation
approach. After transfection with PQS4 and PQS5 mutants
or wt cccDNA-like molecules, HepG2-NTCP cells were lysed
and subjected to sucrose gradient ultracentrifugation followed
by RNA extraction and quantification in each of the fractions.
GUSB mRNA served as control. As shown in Supplementary 
Figure S3 c, no significant differences were observed in the
levels of wt or PQS mutant HBV RNAs in each fraction
( Supplementary Figure S3 c) nor in the percentage associated
to the polysomal fractions ( Supplementary Figure S3 d), iden-
tified by a 28s / 18s ratio equal to 1.6 ( Supplementary Figure 
S3 e). Thus, viral RNA stability and translation were not af-
fected by PQS4 and PQS5 mutations. 

Overall, these data strongly suggest that PQS4 and PQS5
structures favour HBV replication by primarily promoting cc-
cDNA transcription. 
PQS4 and PQS5 mutations do not perturb the 

cccDNA transcription factor binding landscape 

In addition to disrupt PQS4 and PQS5 G4 structures, muta- 
tions of these sequences might also erase or create transcrip- 
tion factor binding sites (TFBS). This could modify the asso- 
ciation of certain transcription factors (TF) to cccDNA and 

contribute to the decreased cccDNA transcription observed 

(Figure 3 ). 
To test this possibility, we analysed the entire EnhI region 

as well as the sequences surrounding ( ±10 nucleotides) the wt 
or mutant PQS4 and the PQS5 using the JASPAR database to 

predict for the presence of TFBS ( 51 ) ( Supplementary Figure 
S4 a). Each circle in the Venn-diagrams of Supplementary 
Figure S4 b-c represents a TFBS dataset: yellow for the TFBS 
identified in the whole EnhI, red and dark red for the mu- 
tant and wt PQS4 sequence ( Supplementary Figure S4 b) and 

blue and dark blue for the mutant and wt PQS5 sequence 
( Supplementary Figure S4 c). 16 out of 25 TFBS predicted 

for the wt PQS4 sequence were not affected by the muta- 
tions, while nine were no more identified in the mutant se- 
quence ( Supplementary Figure S4 b). Similarly, 7 / 16 TFBS pre- 
dicted for the wt PQS5 sequence were lost upon PQS5 muta- 
tion ( Supplementary Figure S4 c). Conversely, mutant PQS se- 
quences showed the identification of 13 and 21 new TFBS not 
already present in the EnhI region for PQS4 ( Supplementary 
Figure S4 b) and PQS5 ( Supplementary Figure S4 c), respec- 
tively. From these lists, we selected eight TFs based on (i) their 
expression in hepatocytes and (ii) their established role in cc- 
cDNA transcription ( 52–58 ) and their association to cccDNA 

was analysed by cccDNA-ChIP-qPCR following transfection 

of HepG2-NTCP cells with either wt or PQS mutant cccDNA- 
like molecules. As demonstrated in Supplementary Figure S4 d- 
g, the recruitment of none of the TFs investigated was signifi- 
cantly affected by PQS4 / 5 mutation. 

Altogether, these data strongly suggest that the effect of 
PQS4 and PQS5 mutations on cccDNA transcription is due 
to the disruption of the G4 structures rather than to a change 
in TF binding landscape. 

FUS binding to PQS5 promotes cccDNA 

liquid–liquid phase separation (LLPS) 

G4 structures were shown to promote LLPS by either aggre- 
gating themselves or by modulating the ability of certain pro- 
teins to promote this process. This is for example the case of 
the FUS protein ( 7 ). This protein can bind both DNA and 

RNA G4 structures and regulate almost all the steps of gene 
expression partly by promoting LLPS ( 9 , 24 , 59 , 60 ). These data
prompted us to hypothesize that G4 structures in cccDNA 

might regulate its transcriptional activity by promoting the 
recruitment of FUS. 

To test this hypothesis, we first demonstrated that FUS was 
associated with cccDNA in the context of natural HBV in- 
fection of hepatocytes. To this aim, we performed cccDNA- 
ChIP experiments in HBV-infected HepG2-NTCP cells eight 
days post-infection and observed a significantly higher en- 
richment in the anti-FUS immunoprecipitation sample com- 
pared to the control, thus confirming the recruitment of FUS 
to cccDNA (Figure 4 A). Afterwards, RNAi-mediated FUS si- 
lencing experiments were carried out in HepG2-NTCP in- 
fected with HBV for eleven days to investigate the role of 
FUS on cccDNA transcription ( Supplementary Figures S5 a,
b and S6 c). RT-qPCR and cccDNA-ChIP analysis revealed 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
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Figure 4. FUS promotes cccDNA transcription in a LLPS and PQS5-dependent manner. ( A ) HepG2-NTCP cells were infected for 8 days and crosslinked. 
ChIP experiments were performed with either an anti-FUS (green) or a control (black) IgG followed by qPCR to quantify cccDNA. Data are expressed as 
percentage of Input. * P < 0.05 for the comparison between anti-FUS antibody and control IgG obtained from a Mann–Whitney test. ( B ) HepG2-NTCP 
cells were infected for 8 days and treated with 20 μM BRACO-19 or DMSO control. Cells were crosslinked and subjected to ChIP experiments using 
either an anti-FUS (green bars), an anti-G4 (y ello w bars) or a control (black bars) antibody f ollo w ed b y qPCR to quantify cccDNA. Data are e xpressed as 
percentage of Input. * P < 0.05 for the comparison between DMSO and BRACO-19 conditions obtained from a Mann–Whitney test. (C–E) HepG2-NTCP 
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a significant decrease of HBV RNAs after FUS knockdown
( Supplementary Figure S5 c) associated with a reproducible
decrease of RNAP II recruitment to cccDNA compared to
control condition ( Supplementary Figure S5 d). These data
thus demonstrate that FUS promotes cccDNA transcription
in HBV-infected HepG2-NTCP cells. 

Then, we intended to determine whether this effect was de-
pendent on the capacity of FUS to bind G4 structures. We
first treated HBV-infected HepG2-NTCP cells with 20 μM
BRACO-19 and we performed new cccDNA-ChIP experi-
ments using an anti-G4 or an anti-FUS antibody. Stabilisa-
tion of G4 structures by BRACO-19, confirmed by the in-
crease in cccDNA immunoprecipitated with an anti-G4 an-
tibody (Figure 4 B), was associated with a significant increase
of FUS recruitment to cccDNA (Figure 4 B). FUS recruitment
to G4 structures depends on its RGG3 domain located at
its C-terminus ( 59 ). To determine whether the recruitment
of FUS to cccDNA depends on its ability to recognize G4
structures, HepG2-NTCP cells were co-transfected with the
wt cccDNA-like molecules and either a construct coding for
the wt (FUSwt) or the FUS protein deleted for its RGG3 do-
main (FUS �RGG3). After confirming that the two proteins
were equally expressed ( Supplementary Figures S5 e and S6 d),
their capability to bind to cccDNA was assessed by cccDNA-
ChIP experiments using an anti-FUS antibody. As shown in
Figure 4 C, a much lower cccDNA enrichment was observed
in FUS �RGG3-transfected cells respect to FUSwt (Figure 4 C).
These results indicate that FUS recruitment is strongly depen-
dent on its ability to bind G4 structures present on cccDNA.
Notably, RT-qPCR analysis revealed that FUS wt recruitment
to cccDNA was associated with a significant increase of HBV
RNA levels compared to GFP control cells, which was sig-
nificantly lower in the presence of the FUS �RGG3 mutant
(Figure 4 D). Accordingly, cccDNA-ChIP experiments using an
←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
cells were co-transfected with wt cccDNA-like molecules and either the pcDNA
(FUS �R GG3) plasmids. T hree da y s after transfection, cells w ere collected and 
(green) or a control (black) IgG f ollo w ed b y qPCR to quantify cccDNA. Data are 
comparison obtained from a Mann-Whitney test. ( D ) Quantification of 3.5 kb RN
expressed as the ratios between the FUS constructs and GFP control construc
comparison between FUS wt and FUS �RGG3 transfected cells obtained from 

GFP constructs obtained from a Mann–Whitney test. ## P < 0.01 for the compa
test. ns: p > 0.05 for every tested comparison. ( E ) ChIP experiments were perf
by qPCR to quantify cccDNA. Data are expressed as percentage of Input. *: P <
( F ) HepG2-NTCP cells were infected and then transfected twice with pcDNA6-E
infection, nuclear FUS droplets were isolated by FACS and DNA was extracted.
inactive β globin locus (black) or cccDNA (pink). Data are expressed as percent
Mann–Whitney test. ( G ) Chromatin immunoprecipitation (ChIP) experiments wi
cccDNA in cells transfected with the wild-type, the PQS4 or PQS5 single and d
of Input. * P < 0.05 for the indicated comparison obtained from a Mann–Whitne
f ollo w ed b y qPCR to quantify cccDNA in HepG2-NTCP cells transfected with th
molecule and treated with 20 μM BRACO-19 (blue bo x es) or DMSO control (gr
the indicated comparison obtained from a Mann–Whitney test. ( I ) HepG2-NTCP
either the wild-type or the PQS5 mutant cccDNA-like molecule. Three days afte
qPCR experiments were then performed to quantify the transcriptionally inactiv
a v erage of two independent biological replicates. The error bars represent the s
cccDNA-like molecules and either the pcDNA6-GFP (GFP), pcDNA6-FUS wt (FU
transfection, cells were collected and processed. ( J ) ChIP experiments were pe
by qPCR to quantify cccDNA. The data are expressed as percentage of Input. *
test. ( K ) Quantification of 3.5 kb RNA (red bars) and total HBV RNAs (blue bars)
constructs and GFP control construct. ** P < 0.01 for the comparison between
Mann–Whitney test. # P < 0.05 for the comparison between FUS and GFP cons
between FUS and GFP constructs obtained from a Mann–Whitney test. ns: P >
with either an anti-RNAP II (red) or a control (black) IgG f ollo w ed b y qPCR to qu
for the indicated comparison obtained from a Mann–Whitney test. Box plots re
of the data from at least four independent biological replicates (except for pane
anti RNAP II antibody revealed a decreased recruitment to 

cccDNA in the presence of FUS �RGG3 compared to FUSwt 
(Figure 4 E). Altogether, these data show that FUS activates cc- 
cDNA transcription depending on its ability to recognize G4 

structures on cccDNA. 
Since FUS capacity of regulating gene expression mainly oc- 

curs via its ability to undergo phase separation ( 7 ,24 ), we ex- 
plored whether the role of FUS in promoting cccDNA tran- 
scription was associated with a cccDNA phase separation. To 

this aim, we expressed a GFP-tagged FUSwt or a GFP-tagged 

FUS �RGG3 protein in HBV-infected HepG2-NTCP cells and 

isolated nuclear FUS droplets by FACS according to the proto- 
col developed by Reber et al. ( 24 ) ( Supplementary Figures S5 f,
g and S6 e). Droplets-associated cccDNA was quantified by 
qPCR and the transcriptionally inactive β-globin locus ampli- 
fication was used as negative control. Interestingly, cccDNA 

levels associated to FUSwt droplets was significantly higher 
compared to β-globin and reproducibly higher compared to 

those associated to FUS �RGG3 droplets (Figure 4 F). There- 
fore, cccDNA and FUS co-phase separate in the nucleus of 
HBV-infected hepatocytes dependently on the capacity of FUS 
to bind G4 structures. 

Thereafter, to determine the specific roles of PQS4 and 

PQS5 in FUS recruitment to cccDNA, cccDNA-ChIP exper- 
iments with an anti-FUS antibody were performed in HepG2- 
NTCP cells transfected with the wt or the PQS4 and PQS5 

single or double mutant cccDNA-like molecules. FUS recruit- 
ment was significantly decreased when the cccDNA molecule 
was mutated for the PQS4 or for the PQS5 with an additive 
effect when both PQS were mutated (Figure 4 G), demonstrat- 
ing that the recruitment of FUS to cccDNA was at least partly 
mediated by the PQS4 and the PQS5 structures. This conclu- 
sion is further supported by the observation that FUS recruit- 
ment to mutant cccDNA-like molecules is significantly less 
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
6-GFP (GFP), pcDNA6-FUS wt (FUS wt) or pcDNA6-FUS �RGG3 

processed. (C ) ChIP e xperiments w ere perf ormed with either an anti-FUS 
e xpressed as percentage of Input. *: P < 0.05 f or the indicated 
A (red bars) and total HBV RNAs (blue bars) le v els b y R T-qPCR. Data are 

t from six independent biological replicates. ** P < 0.01 for the 
a Mann-Whitney test. #: P < 0.05 for the comparison between FUS and 
rison between FUS and GFP constructs obtained from a Mann-Whitney 
ormed with either an anti-RNAP II (red) or a control (black) IgG followed 
 0.05 for the indicated comparison obtained from a Mann-Whitney test. 
GFP-FUSwt or pcDNA6-EGFP-FUS �RGG3 constructs. Eight days post 
 qPCR experiments were performed to quantify the transcriptionally 
age of Input. *: P < 0.05 for the indicated comparison obtained from a 
th an anti-FUS (green) or a control (grey) IgG followed by qPCR to quantify 
ouble mutant cccDNA-like molecules. Data are expressed as percentage 
y test. ( H ) ChIP experiments with an anti-FUS or a control antibody 
e wild-t ype, the PQS4 or the PQS5 single or double mut ant cccDNA-like 
ey boxes). The data are expressed as percentage of Input. * P < 0.05 for 
 cells were co-transfected with the FUS-EGFP expressing plasmid and 
r, 300 000 FUS droplets were isolated by FACS and DNA was extracted. 
e β globin locus (black) or cccDNA (pink). The graph is representing the 
tandard error. ( J-L ) HepG2-NTCP cells were co-transfected with wt 
S wt) or pcDNA6-FUSPLD27YS (FUSPLD27YS) plasmids. 3 da y s after 
rformed with either an anti-FUS (green) or a control (black) IgG followed 
 P < 0.05 for the indicated comparison obtained from a Mann–Whitney 
 le v els b y R T-qPCR. T he data are e xpressed as ratios betw een the FUS 
 FUS wt and FUSPLD27YS transfected cells obtained from a 
tructs obtained from a Mann–Whitney test. ## P < 0.01 for the comparison 
 0.05 for every tested comparison. ( L ) ChIP experiments were performed 
antify cccDNA. T he data are e xpressed as percentage of Input * P < 0.05 
present the 1st quartile, the median (horizontal line) and the third quartile 
l I). Error bars represent the minimal and the maximal values. 
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tabilized by BRACO-19 compared to wt cccDNA-like
olecules (Figure 4 H; Supplementary Figure S5 h). Additional
D experiments in which we added equimolar concentration
f recombinant FUS protein to the PQS5 oligonucleotide were
erformed to demonstrate a direct interaction between the
US protein and PQS5 sequence. Tm measurement showed
hat incubation with FUS reproducibly decreased the Tm by
 

◦C, thus suggesting that FUS was able to bind the PQS5 and
estabilize the G4 structure, which is in line with a previous
tudy ( 61 ) ( Supplementary Figure S5 i, j). Afterwards, to deter-
ine whether the PQS5, which recruits FUS to cccDNA, con-

ributes to the phase separation of cccDNA in FUS droplets,
e co-transfected HepG2-NTCP cells with a FUS-EGFP ex-
ression plasmid combined with either a wt or mutant PQS5
ccDNA-like plasmid. We isolated nuclear FUS droplets and
uantified cccDNA and β-globin levels by qPCR. While the
umber of isolated droplets was equivalent between the wt
nd mutant PQS5 samples ( Supplementary Figures S5 k and
6 f), PQS5 mutant cccDNA-like molecules was reproducibly
ess associated to FUS droplets compared to wt (Figure 4 I). Al-
ogether, these data demonstrate that a G4 structure located
n the EnhI regulatory region is directly involved in FUS and
ccDNA co-phase separation in the nucleus of hepatocytes. 

The data above strongly suggest that cccDNA G4-
ependent phase separation to FUS droplets is essential to cc-
DNA transcriptional activity. To definitely test this hypothe-
is, we investigated the ability of a LLPS deficient FUS pro-
ein (FUS PLD27YS) to promote cccDNA transcription. In
his mutant, 27 tyrosines were replaced by serines in the FUS
rion-like domain disrupting the aromatic ring structure driv-
ng LLPS ( 24 ). After co-transfection of HepG2-NTCP cells
ith either the FUSwt or FUS PLD27YS encoding constructs

 Supplementary Figures S5 l and S6 g) together with the wt
ccDNA-like molecule, cccDNA-ChIP experiments showed
hat FUS PLD27YS was still able to associate to cccDNA,
lbeit at lower levels than FUSwt (Figure 4 j). This confirms
he previous observation that FUS requires LLPS to efficiently
ind to chromatin ( 24 ). In parallel, we quantified HBV RNAs
nd investigated the recruitment of RNAP II to cccDNA by
T-qPCR and cccDNA-ChIP experiments, respectively. Com-
ared to FUSwt, whose expression significantly increased
BV RNA levels (Figure 4 K) and RNAP II recruitment (Figure
 L), the expression of FUS PLD27YS had no significant effect
n both parameters (Figure 4 K, L ). Taken together, these data
trongly suggest that cccDNA phase separation is required for
ts optimal transcriptional activity. 

iscussion 

ccDNA is the key molecule for HBV replication. Its persis-
ence is responsible for the chronicity of HBV infection and for
he inefficiency of the current treatments to completely erad-
cate the virus ( 19 ,20 ). Understanding the mechanisms con-
rolling cccDNA transcriptional activity is therefore critical
o design cccDNA targeting strategies aimed at undermining
ts stability or its function. 

Once established and chromatinized in the infected nucleus,
ccDNA behaves as a true chromosome and has to interface
ith the host chromatin. Interestingly, several groups have

hown that, depending on its transcriptional activity, cccDNA
ontacts different regions of the host genome. Indeed, W. Li
t al. showed that transcriptionally inactive cccDNA is pref-
rentially located in close proximity with an heterochromatin
hub in the host chromosome 19, depending on the binding to
the SMC5 / 6 complex ( 62 ). In contrast, Hi-C experiments in
primary human hepatocytes showed the preferential interac-
tion of cccDNA with open chromatin regions containing CpG
islands ( 21 ). Here, we provide the first line of evidence that cc-
cDNA interacts with membrane-less condensates containing
the FUS protein. This association appears to be specific to ac-
tive transcription, since the transcriptionally inactive β-globin
locus could not be detected in FUS droplets. These conden-
sates are formed by a process called liquid–liquid phase sep-
aration (LLPS) and correspond to the local concentration of
proteins involved in the same biological process, such as tran-
scription. As a result, signal transduction can be efficiently and
quickly translated into a transcriptional response to ensure
cellular homeostasis. Phase separation was also demonstrated
to be used by several viruses. Indeed, many viral proteins are
able to phase separate, thus creating a new connexion inter-
face with the infected host to ensure an optimal replication
( 14 , 63 , 64 ). Taking advantage of a FUS mutant lacking G4-
binding activity and cccDNA-like molecules mutated for spe-
cific G4 forming sequences, we were able to demonstrate that
this localization depends on the ability of FUS to recognize
G4 structures and at least on one specific G4 situated in the
EnhI region, a critical regulatory element for the HBV PreCore
and the S promoters. The weaker association of cccDNA to
FUS droplets after abrogation of FUS binding to G4 structure
correlates with a lower transcriptional rate in HBV-infected
HepG2-NTCP cells. These data thus strongly indicate that
the cccDNA contained in these condensates is transcription-
ally active and that LLPS is important for HBV transcription.
The use of a LLPS-deficient FUS mutant protein to definitely
demonstrate the role of phase separation in cccDNA tran-
scriptional activity actually evidenced a decrease in cccDNA
transcription when LLPS was inhibited. However, this was ac-
companied by a decreased recruitment of FUS protein to cc-
cDNA, similarly to previously observed for host chromatin,
thus confirming the tight link between phase separation, chro-
matin binding and gene expression functions for FUS protein
( 24 ). Altogether, our data strongly indicate that both G4 bind-
ing and LLPS activities of FUS are jointly required to promote
efficient cccDNA transcription. 

FUS recruitment to chromatin and its transactivating ac-
tivity depends on its ability to self-assemble and thus to form
nuclear speckles ( 65 ). In line with this observation, chromatin-
associated FUS was found to be preferentially associated to
euchromatin regions in the nucleus of HEK cells ( 65 ). This
information was further supported by immunogold labelling
transmission electron microscopy experiments showing that
FUS also preferentially localises to euchromatin regions in
neurons ( 66 ). Several nuclear speckles have been shown to be
formed by FUS and other FUS-interacting proteins in nuclei
and to contain active RNAP II contributing to gene transcrip-
tion ( 67 ,68 ). Strikingly, some of these FUS partners such as
TARDBP and PUF60 have also been shown to activate cc-
cDNA transcription in several hepatoma cell lines, including
HepG2-NTCP cells ( 69 ,70 ). Similarly to FUS, TARDBP is also
able to recognize G4 structures ( 7 ). A compensatory role by
other G4-binding factors promoting phase separation could
therefore explain the moderate decrease of cccDNA tran-
scription following FUS downregulation compared to PQS4
or PQS5 mutations. Taken together, these data support the
idea that cccDNA phase separation occurs in FUS-containing
nuclear speckles located in euchromatin region in the nucleus

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
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Figure 5. G4 str uct ures promotes cccDNA phase separation and transcription Once established in the nucleus of infected hepatocytes, cccDNA phase 
separates in FUS-containing droplets thanks to at least a G4 str uct ure located in the EnhI regulatory region. This peculiar nuclear sub-localization favours 
its transcriptional activity and the subsequent viral replication. The figure was created with biorender.com. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of infected hepatocytes. This is consistent with the studies
showing the preferential association of cccDNA with active
chromatin regions ( 21 ). Technical advance to overcome cur-
rent challenges in visualizing cccDNA molecules in cell nuclei
would be needed to test this hypothesis. 

Interestingly, FUS was identified as part of transcription fac-
tor hubs mediated by G4 DNA located in regulatory regions of
the host genome. These hubs were demonstrated to enhance
gene transcription ( 71 ). They also look like phase separated
condensates known to be promoted by G4 DNA structures
described in several studies and reviewed in ( 72 ). These data
suggest then that HBV is able to hijack the physiological FUS
capacity to bind G4s and promote LLPS to profit of a nu-
clear environment ensuring the optimal transcription of its
genome. 

This study also pointed out the role of G4 structures in HBV
replication. Indeed, we have identified 10 highly conserved G4
structures in cccDNA sequence and 4 in HBV RNAs. Previous
studies have already identified G4 in cccDNA in key HBV reg-
ulatory elements. However, as already mentioned, the role of
these G4 in the context of HBV replication still remained ob-
scure ( 22 ,23 ). In this study, we provide clear evidence that two
PQS in the EnhI region, the PQS4 (only formed on cccDNA)
and the PQS5 (formed on both cccDNA and HBV RNAs) are
essential for HBV replication most likely by favouring HBV
transcription. Nevertheless, we cannot exclude that other PQS
could be involved in cccDNA transcriptional regulation, but
the functional study of their mutations is challenging due the
changes in the aminoacid sequence of viral proteins associated
to their mutations ( Supplementary Table S1 ), making it impos-
sible to unequivocally ascribe regulation of viral parameters to
the presence of the G4 structure alone. A different approach
would therefore be required to properly address their role in 

the context of HBV replication. 
Strikingly, an in silico analysis of the genome of a broad 

range of viruses by the G4hunter software demonstrated a 
correlation between the number of G4 contained in these 
genomes and the ability of the virus to cause a chronic in- 
fection ( 73 ). Recently, a paleogenomics analysis comparing 
ancient and modern HBV genomes using the same predic- 
tion tool showed that modern genomes tend to have similar 
G4 proportion as their host genome ( 74 ). Several studies re- 
viewed in ( 75 ) pointed out an epigenetic silencing of several 
viral DNA genomes thanks to their association with PML nu- 
clear bodies. Interestingly, a recent study demonstrated that 
the transcriptionally inactive HBx-deficient cccDNA is re- 
cruited to PML bodies by SLF2 and the SMC5 / 6 complex,
which are essential to maintain its silent state ( 76 ). Here,
we demonstrated that G4 structures promote an epigenetic 
switch towards active histone marks that is correlated with 

the association of cccDNA with FUS droplets. Thus, mim- 
icking the host genome in terms of G4 proportion would 

serve as a genetic ‘camouflage’ preventing the recognition 

of cccDNA by the host defence machinery. Furthermore, by 
favouring the association with transcription-permissive con- 
densates, G4 structures would definitely help in hijacking the 
host transcriptional machinery and contribute to the mech- 
anisms orchestrated by HBV to maintain the persistence of 
pool of cccDNA in the infected liver. Indeed, two major path- 
ways have been proposed including the recycling of newly 
formed capsids into the nucleus or the de novo infection of 
surrounding naïve hepatocytes by newly generated infectious 
particles containing rcDNA ( 77 ). Both rely on the synthesis 
of the pgRNA, which is encapsidated and retro-transcribed 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1200#supplementary-data
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40–51.
n rcDNA. Thus, by favouring cccDNA transcription in in-
ected hepatocytes, the PQS4 and PQS5 structures participate
n keeping these two pathways active and in maintaining a
table cccDNA pool responsible for the chronicity of HBV
nfection. 

Taken together, these data lead us to propose that, once es-
ablished in the nucleus of infected hepatocytes, G4 structures
rigger cccDNA phase separation via the recruitment of FUS
rotein and promote its transcriptional activity and, thus, vi-
al replication (Figure 5 ). 

G4 structures can be targeted by G4 ligands that stabilize
hem and that are considered as promising drugs for ther-
py ( 78 ,79 ). Interestingly, such ligands displayed potent an-
iviral activity against several viruses such as HIV-1 or HSV-
 ( 41 , 80 , 81 ). Antisense oligonucleotides (ASO) targeting G4
tructures have also been developed and showed promising
ffects on their activity ( 82 ). Interestingly, several ASO are
urrently under evaluation in clinical trials, especially in the
ontext of HBV ( 83 ,84 ) . Our study opens the possibility of
argeting G4 structures as a new therapeutic strategy against
hronic hepatitis B. 
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